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Double-stranded RNA interference shows that Engrailed controls
the synaptic specificity of identified sensory neurons
Bruno Marie*, Jonathan P. Bacon* and Jonathan M. Blagburn†
The transcription factor Engrailed (En) controls the
topography of axonal projections by regulating the
expression of cell-adhesion molecules [1–4] but it is not
known whether it also controls the choice of individual
synaptic target cells. In the cercal sensory system of the
larval cockroach (Periplaneta americana), small
numbers of identified wind-sensitive sensory neurons
form highly specific synaptic connections with 14
identified giant interneurons [5,6], and target-cell
choice is independent of the pattern of axonal
projections [6]. En is a putative positional determinant
in the array of cercal sensory neurons [7]. In the present
study, double-stranded RNA (dsRNA) interference [8]
was used to abolish En expression. This treatment
changed the axonal arborisation and synaptic outputs
of an identified En-positive sensory neuron so that it
came to resemble a nearby En-negative cell, which was
itself unaffected. We thus demonstrate directly that En
controls synaptic choice, as well as axon projections.
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Results and discussion 
In the first larval stage (or instar) of the cockroach, P. amer-
icana, each cercus bears two wind-sensitive filiform hairs
(Figure 1); after moulting several days later, the second
instar cercus bears an array of 39 hairs, and their associated
sensory neurons. In a previous study, we examined the
axonal arborisations and patterns of synaptic connections
of the distal-most 25 of the second-instar sensory neurons
to 10 giant interneurons in the central nervous system
(CNS) [6]. En is expressed only in the medially-born
sensory neurons (Figure 2a), suggesting that it could
apprise them of their position [7]. We have recently
cloned and sequenced two engrailed genes from the cock-
roach, Pa-en1 and Pa-en2 [9]. This has allowed us to use
the new, efficacious technique of dsRNA interference [8]
to abolish En expression, thereby testing our hypothesis
that it controls axonal guidance and choice of synaptic
partners in this circuit of identified neurons.
A 1:1 mixture of Pa-en1 and Pa-en2 dsRNA was injected
into the cercus of first-instar cockroaches immediately
after hatching, the period when most of the second-instar
sensory neurons are developing. Because we have evi-
dence that haemocytes take up much of the first dose, we
added a second booster injection a few hours after the
first. Six days later, when the full array of second-instar
neurons was present, staining with the 4D9 antibody [10]
showed a complete abolition of En expression, both in the
nuclei of medial sensory neurons and in the surrounding
medial epidermis (Figure 2c, n = 9). Significantly, we saw
no reduction in En staining in the CNS, suggesting that
the dsRNA does not penetrate the perineurium and glial
sheath. A single 200 fmol injection of dsRNA reduced En
staining to approximately 50% (n = 8) of control levels
Figure 1
The first-instar cockroach cercal system. (a) A first-instar larval
cockroach, with the dorsal body wall opened to show the abdominal
nerve cord. Each cercus bears two filiform hairs. (b) The proximal
segment of the left cercus, with the dorsal surface removed to reveal
the lateral (blue) and medial (yellow) filiform hair sensory neurons.
The lateral neuron sends an axon to the terminal abdominal ganglion
and is excited by the movement of the hair (curved arrow); the axon
and arborisation of the medial neuron are shown on the opposite side
of the ganglion. Two of the seven contralateral giant interneurons (GIs),
GI2 (orange) and GI3 (green), are shown. Cell bodies of the
developing array of second-instar neurons are situated more proximally
to the fully differentiated lateral and medial sensory neurons.
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(data not shown). Staining of a neuronal cell-surface glyco-
protein with the monoclonal antibody DSS3 [11] was not
affected by the dsRNA treatment (Figure 2b,d). Applica-
tion of Pa-en1 and Pa-en2 dsRNAs separately suggested
that the effects of dsRNA are highly sequence-specific
(see Materials and methods).
To examine the neuronal consequences of knocking out
En, we focused our attention on two sensory neurons: 6m,
which expresses En strongly, and 6d, which is En-negative
in normal cerci (Figure 2a). We examined their morphology
when the animals moulted into the second instar. Neuron
6m (Figure 3a) has a distinctive anatomy exclusive to
medial neurons [6]. This contrasts with the typical anatomy
of a lateral neuron [6], exemplified by 6d (Figure 3c). After
dsRNA treatment, the axonal projection of 6m was repro-
ducibly altered, rendering it indistinguishable from arbors
of lateral-type neurons such as 6d. The most noticeable
changes included an alteration in the trajectory of the
ventral axon (Figure 3a,b), and the loss of dorsal branches
(Figure 3a,b). In contrast, the axonal arborisation of 6d was
unperturbed by the application of the dsRNA (Figure 3d).
Thus, knockout of En appears to cause a complete switch
in the anatomy of 6m, from medial-type to lateral-type,
rather than a partial transformation.
In the cockroach cercal system, axonal projections are not
the primary determinant of synaptic specificity, as they are
in the cricket (and in the retino-tectal system [12]). Instead,
electron microscopy has shown that synaptic specificity is
produced by local cell–cell recognition events [13].
Neurons with lateral-type morphology can form medial-
type synapses [6], so it was important to determine
whether inhibition of En also altered the specificity of
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Figure 2
Double-stranded RNA interference abolishes
En expression in the cercus. (a–d) Dorsal
views of the flattened proximal segment of
6-day-old first-instar left cerci; medial to the
right, proximal to the top. Neurons 6d and 6m
are outlined. Asterisks indicate non-specific
staining of haemocytes and fat cells, which
were not completely removed. (a) Control
cercus, showing En staining in nuclei of
medially located epidermal cells and sensory
neurons, including 6m. (b) Control cercus,
labeled with the DSS3 antibody, which stains
the membrane of all neurons. (c,d) Cerci from
animals given two dsRNA injections. En
staining is abolished, whereas DSS3 staining is
not affected. The scale bar represents 50 µm.
Figure 3
Knockout of En changes the arborisation of
6m. (a–d) Lucifer Yellow (LY) fills of sensory
afferents, processed with an anti-LY antibody.
The tracings of afferents show the ventral
axon and branches (red), central branches
(orange) and dorsal branches (green). (a) 6m
in control animals, showing the characteristic
medial-type morphology with an axon bend
(arrowhead) and dorsal branches (green).
(b) 6m in En-knockout animals, showing
typical lateral-type morphology. (c) 6d in
control animals, with lateral-type morphology.
(d) 6d in En-knockout animals, showing
unchanged lateral-type morphology. The scale
bar represents 50 µm.
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synapse formation in neuron 6m. Intracellular recordings
showed that dsRNA treatment caused 6m to make signifi-
cantly weaker monosynaptic connections to giant interneu-
ron 2 (Figure 4a–d). This could indicate a change in the
selection of synaptic partners by 6m, but could equally be
caused by a reduction in the ability of the neuron to form
synapses. Therefore, a more significant indicator of a
change in synaptic specificity would be the establishment
of novel synapses with inappropriate giant interneurons. In
fact, after dsRNA application, 6m did form synaptic con-
nections to giant interneurons 3 and 6; these connections
are never seen in control animals (Figure 4a–d) [6]. These
connections are normally characteristic of lateral sensory
neurons such as 6d [6], the synaptic outputs of which
remained unperturbed after dsRNA application
(Figure 4e,f). Thus, En expression in 6m normally pre-
vents it from forming (lateral-type) synapses with giant
interneurons 3 and 6, and promotes the formation of
(medial-type) synapses with giant interneuron 2.
It is well established that differential expression of En can
control retinal axon projections in the tectum through its
regulation of ephrins [1–3], and, in Drosophila, En downreg-
ulates the cell-adhesion molecules Connectin and Neu-
roglian [4]. We have shown that En expression can control
the projection pattern of an identified neuron. The magni-
tude of the changes produced by removing En suggests that
it affects the pattern of expression of several adhesion mole-
cules, rather than a single one. We have also shown that En
directs the choice of individual target cells by the presynap-
tic neuron, suggesting that it also regulates the expression
of neuronal recognition molecules, a function that is likely
to be conserved throughout the animal kingdom. As this,
and other recent studies [14,15] have demonstrated, the use
of dsRNA interference in ‘non-genetic’ organisms enhances
the utility of experimental models that are uniquely suited
to particular biological problems.
Materials and methods
RNA synthesis
A 609 bp Pa-en1 PCR fragment (bases 278–886, EMBL accession
number AJ243883) and a 546 bp Pa-en2 PCR fragment (bases
718–1263, EMBL accession number AJ243884) were subcloned in
both orientations into the pCR 2.1 vector (TA cloning kit, Invitrogen). In
vitro transcription using T7 RNA polymerase was carried out as speci-
fied by the manufacturer (Maxiscript kit, Ambion) to produce both sense
and antisense RNA strands for each of the fragments. The quantity of
synthesised RNA was determined by optical density, and equimolar
amounts (30–60 pmol) of complementary strands were mixed. RNA
mixes were denatured and annealed as described previously [16].
Injection and specificity of dsRNA
The dsRNA was injected through the broken end of the first instar
cercus. For full En knockout, 100 fmol of each dsRNA per injection was
used in the cocktail. Control animals were injected twice with carrier
solution (150 mM NaCl, 10 mM MOPS in diethyl pyrocarbonate
(DEPC)-treated water). Two injections of 200 fmol Pa-en1 dsRNA alone
reduced 4D9 staining to 26.6 ± 1.9% of control levels (n = 7 cerci),
whereas two injections of 200 fmol Pa-en2 dsRNA only reduced 4D9
staining to 50.8 ± 4.2% of controls (n = 5 cerci). The 4D9 antibody
recognises an epitope present in both proteins. The most parsimonious
explanation for these data is that Pa-en1 dsRNA knocks out Pa-En1
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Figure 4
Knockout of En changes the synaptic
connections of 6m. (a,b) Dual intracellular
recordings from ipsilateral giant interneuron 3
(iGI3: cell body on the same side of the
ganglion as 6m) and contralateral giant
interneuron 2 (cGI2: cell body on the opposite
side of the ganglion). In all neurons, scattered
excitatory post-synaptic potentials (EPSPs)
arise from spontaneous activity in unstimulated
afferents. (a) In a normal second-instar animal,
pushing the 6m hair in its excitatory direction
(large upwards deflection in the top trace)
results in a short-latency, summating burst of
monosynaptic EPSPs (asterisk) in cGI2 but not
in iGI3. (Note that the relationship between
push amplitude and sensory neuron response
may differ between preparations.) (b) In an
animal treated with dsRNA, pushing the 6m hair
results in synchronous bursts of monosynaptic
EPSPs in both cGI2 and iGI3 (asterisks).
(c–f) Bar charts of monosynaptic EPSP
amplitudes recorded intracellularly in giant
interneurons in response to stimulation of a
sensory neuron. Asterisks indicate a significant
(p < 0.05) change in EPSP amplitude. (c) The
amplitude of 6m EPSPs in ipsilateral GI2 is
reduced and de novo connections to ipsilateral
GI3 and GI6 are formed in En-knockout animals
(for bars left to right, n = 6, 5, 8, 7, 8, 7, 9, 6, 8,
7). (d) The amplitude of 6m EPSPs in
contralateral GI2 is reduced, and contralateral
GI3 and GI6 show novel EPSPs in response to
stimulation of 6m in En-knockout animals (n = 6,
7, 7, 6, 8, 6, 8, 6, 9, 7). (e,f) There is no
significant change in the amplitudes of 6d
EPSPs in ipsi- or contralateral giant
interneurons in response to En knockout (n = 4
in all cases).
bb10e55.qxd  03/13/2000  02:01  Page 291
protein expression without affecting the smaller amount of Pa-En2. Con-
versely, Pa-en2 dsRNA does not affect Pa-En1. Taken together, these
data suggest that the dsRNA interference is highly sequence-specific.
Engrailed immunostaining
Cerci and CNS of animals of age 5 or 6 days were dissected and
processed for En immunostaining as described previously [7], using
the 4D9 monoclonal antibody [10] obtained from the Developmental
Studies Hybridoma Bank (University of Illinois). Images were captured
with a MicroMAX CCD camera.
Lucifer Yellow injections
Individual sensory neurons from newly moulted second instar animals
were identified with Nomarski optics and impaled with glass micro-
electrodes backfilled with 4% Lucifer Yellow. Filling, fixing and
immunocytochemical methods were as described previously [17],
although the preparations were not dehydrated before processing. A
through-focus series of images was made of each arborisation with
the CCD camera; in-focus regions were combined using the layer
mask option of Adobe Photoshop.
Electrophysiology
Intracellular recordings of monosynaptic EPSPs elicited in giant
interneurons by stimulation of a single hair were made using previously
established methods [6].
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